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Abstract Flooded mines are a groundwater reservoir that
can be used geothermally. Modelling such a reservoir can
be complicated because it is necessary to simultaneously
solve the equations of flow and heat transport within the
mine voids and the surrounding medium, whose hydraulic
parameters may have been affected by mining. We present
a numerical model developed for the reservoir formed by
the Barredo and Figaredo shafts in the Central Coal Basin
of Asturias (Spain), using FEFLOW software. Both 2- and
3-D versions of the model were used to simulate the
flooding of the mine. They were calibrated by comparing
the results with actual water levels measured during
flooding. The hydrogeological and thermal characteristics
of the reservoir were adjusted to predict the long-term
temperature of the water under different scenarios of water
extraction and injection.

Keywords Geothermal - Heat transport - Mine water -
Numerical modelling

Introduction

The increasingly frequent closure and subsequent flooding

of mines is generating large volumes of underground
flooded mine voids (‘mining reservoirs’). The water in

Electronic supplementary material The online version of this
article (doi:10.1007/s10230-015-0365-1) contains supplementary
material, which is available to authorized users.

< C. Andrés
andari.clara@gmail.com

Dept Explotacion y Prospeccién de Minas, University of
Oviedo, c/Independencia, 13, 33004 Oviedo, Asturias, Spain

@ Springer

these mines is a potential substantial resource, both as
drinking water and as an energy source. The latter can be
exploited by means of heating networks of low-medium
temperature, using geothermal energy from water (Ghor-
eishi et al. 2012; Hall et al. 2011; Hamm and Sabet 2010;
Jardon et al. 2013; Kranz and Dillenardt 2009; Ramos and
Falcone 2013; Raymond and Therrien 2008; Verhoeven
et al. 2014, among others). This green and renewable
energy source is particularly suited to meet the needs of
residential and commercial heating. Based on current
energy prices, the mine water used as a geothermal
resource could substantially reduce annual costs of a dis-
trict heating plant compared with conventional heating
methods (Bazargan-Sabet et al. 2008).

Despite its widespread availability (e.g. Lawson and
Sonderegger 1978), the use of mine water as a geothermal
resource is not yet common (Raymond and Therrien 2008).
However, since the benefits of this use have been demon-
strated, a number of studies assessing the potential for mine
water exploitation have been developed in various places
(see Alvarez et al. 2013; Clauser et al. 2005; Jardon et al.
2013; O’Sullivan et al. 2011; Van Tongeren and Dreesen
2004; Wieber and Pohl 2008; Wolkersdorfer 2008; Peralta
et al. 2015, which reviews 18 projects worldwide that use
abandoned mines for geothermal heat recovery). Coal
mines are considered by some as the best candidates for the
exploitation of geothermal energy using the heat contained
in the mine water, due to their accessibility and tempera-
ture (Watzlaf and Ackman 2006). The main difficulty is
understanding the hydraulic and thermal characteristics of
the mining system, considering the interconnection of the
various parts of the mine.

Numerical models can be very useful in water man-
agement (Dong et al. 2012; Rapantova et al. 2007), anal-
ysis of the thermal properties of mining reservoirs
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(Raymond et al. 2011), and as a tool for evaluating the
thermal potential thereof (Blocher et al. 2010; Renz et al.
2009; Uhlik and Baier 2012). The realization of a numer-
ical model requires observation data, making generaliza-
tions to develop the conceptual model, selecting the
appropriate solution, and testing hypotheses to try to
replicate reality using the mathematical model; if it is
satisfactory, it can be used to predict scenarios (Brown and
Trott 2014). Notwithstanding, the use of appropriate
modelling is essential to achieve precise and applicable
results.

The coal mines developed in Asturias (NW Spain) over
200 years have altered the natural groundwater flow,
leading to a new ‘aquifer’ of triple-porosity (primary
porosity of the rock, anthropogenic voids generated by
mining, and secondary porosity caused by mining-induced
fracturing), which can be called a ‘mine aquifer’ according
to Wolkersdorfer (2008). Mining creates new karst-type
aquifers, due to the construction of galleries and the
emergence of fractured areas as a result of coal extraction
(Ordoiiez et al. 2012). Once mining and dewatering cease,
all of the connected voids in the Asturian Central Coal
Basin (hereinafter CCB) will act as underground (mining)
IEeServoirs.

Hydrogeological and thermal models of an underground
reservoir located in the CCB are presented. The mining
reservoir, which is located close to urban settings, consists
of the mine workings of the Barredo and Figaredo shafts,
which are interconnected, closed, and flooded. The water
from this reservoir is being exploited as a source of
geothermal energy, supplying heat and cooling by means of
heat pumps and through low temperature (<35 °C) distri-
bution networks. The model was built using the finite
element simulator FEFLOW, which can be used to calcu-
late flow in porous media of finite element discretization
(Diersch 2005).

Study Area

The study area is located in the River Turén valley within
the CCB, in south-central Asturias, in NW Spain (Fig. 1).
The average annual temperature over the last two decades
in this area was 13 °C. The rainfall of an average hydro-
logical year within the defined basin is about 1130 mm and
the effective rainfall (subtracting evapotranspiration from
precipitation) is 580 mm a! (Ordoiiez et al. 2012).
Deformation of sedimentary Carboniferous sequences in
the CCB is intense, with well-developed folding and large
thrusts. The study area has a complex synclinal structure,
represented by the Barredo syncline, which is crossed by the
Barredo fault (IGME 1975) (Fig. 1b). The CCB is within the
so-called ‘Palaeozoic Unit’, consisting of very low

permeability materials that, although they can form small
aquifers, are not relevant groundwater systems. The mate-
rials considered in this study are mainly characterized by low
porosity and permeability values. They correspond to a
cyclic succession of parasequences formed by marls, shales,
greywackes, sandstones, and coal, grouped into “packs”
(non-formal lithostratigraphical units about 300 m thick,
defined from a mining criteria), and interbedded with con-
glomerates and breccias. They are clustered in two main
units (Garcia-Loygorri et al. 1971): (1) the “productive” or
Sama Group, which includes the Generalas, San Antonio,
Maria Luisa, Sotén, and Entrerregueras packs in the study
area, and (2) the “unproductive” or Lena Group, from which
only the Caleras pack is considered in this study (Fig. 1b).
Previous studies in the area indicated that these materials
together have a permeability around 10~’ m s~ in unex-
ploited areas (Fandos et al. 2004). Given this very low per-
meability and the limited possibility of water flow through
fractures, water stored in the materials forming the undis-
turbed rock mass is negligible compared to that stored in the
voids caused by mining (Jardon 2010). On the contrary, the
hydrogeological parameters of the scarce materials of low
permeability (sandstones) affected by mining increase sub-
stantially from their initial values (porosity, permeability,
storage coefficient, and transmissivity increase up to 1, 3, 3,
and 2 orders of magnitude, respectively; Supplemental
Table 1) (Garcia-Fuente 1996; Ordénez et al. 2012). Sup-
plemental files accompany the on-line version of this paper
and can be downloaded for free.

Coal was extracted by the public company HUNOSA
until 1992 in the Barredo Mine and 2006 in the Figaredo
Mine. The Barredo shaft is located in the NW sector of the
study area and its facilities are located in the centre of the
town of Mieres on the right bank of the Caudal River. The
Figaredo Mine is located south of the Barredo shaft, on the
left bank of the Turén River (Fig. 1a). The Barredo shaft
intersects the land surface at an elevation of 220 m; it has five
levels and a total depth of 360 m. The Figaredo Mine
includes two close shafts with entrances at 279 and 254 m,
which are 520 and 650 m deep, respectively, with a total of
ten levels.

Although coal extraction started in these mines at the
beginning of the twentieth century, intense pumping of
groundwater to dewater them only took place from the 1960s
to 2007. In the period 2002-2007 (before flooding), an
average of 4.1 million of m® year™' was extracted from both
shafts at a temperature of about 20 °C. After mines’ closure
(December 2007), pumping stopped, allowing the ground-
water to rebound (Younger et al. 2002). The flooding of the
Barredo—Figaredo reservoir began on July 27, 2008 when the
water level was at —184 m; it ended on May 18, 2009
(295 days), when the water reached +150 m (70 m below
the Barredo wellhead), where it is currently maintained to
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Fig. 1 a Location and limits of the modelled Barredo—Figaredo reservoir, b AB geological cross section across the Barredo and Figaredo shafts

avoid flooding at the surface. Thus, pumping was resumed to
extract the same amount of water that recharges the reservoir
(an average of 130 L s™1), to keep a stable water level. The
current geothermal use of the pumped water to heat some
public buildings reduces energy consumption by 70 %,
compared to conventional heating systems, and also reduces
CO, emissions (Jarddn et al. 2013). Nevertheless, the long-
term temperature of the water in the reservoir if pumping
carries on was undetermined.

Figure 1a shows the basin considered for the Barredo—
Figaredo system. This basin represents the recharge area of
the mining reservoir, considering the extent of the mine
workings, which induce fracturing and allow water infil-
tration. It is crossed by the Turén River, which loses some
of its water through infiltration in the most heavily mined
areas (Ordoiez et al. 2012). This basin constitutes the unit
to be considered for the hereafter described modelling.

Methods

Before defining the numerical models, some hydrogeologi-
cal and thermal characteristics of the reservoir, as porosity,
recharge, thermal conductivity, and geothermal gradient,
had to be established. Some of these were specifically mea-
sured or calculated, while others were obtained from
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previous studies. With those starting parameters, models
were created and adjusted to optimally simulate the mine
flooding. Then, the thermal model was built and run under a
number of scenarios. This process was first undertaken with a
2-dimensional (2D) model; subsequently, a 3-dimensional
(3D) model was also created.

Hydrogeological and Thermal Features

Total void volume was calculated based on the infiltrated
water (estimated from the effective rainfall) that filled the
reservoir during groundwater rebound, at an average rate of
1.1 m day~'. This volume was defined for each vertical
stretch of the mine, and was used to calibrate the residual
void left after coal extraction, taking into account the
tonnage extracted at each level and the method of opera-
tion. It was assumed that each mine level only extracted
coal between that level and the level above. Other open-
ings, such as shafts and galleries, were also considered.
Elevation versus storage graphs were then developed at
+150 m, which is the current water level in the reservoir;
the total void volume is estimated at 5.8 million of m?
(Ordodiiez et al. 2012). The volume of the galleries supposes
46 % of the total volume, and a total length of 400 km. The
porosity of the mined areas was spatially defined,
exceeding 20 % in some levels. The average effective
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porosity of the unaffected rock mass was estimated to be
0.1 % (similar to that of a shale).

The recharge of the Barredo-Figaredo reservoir consists
of the infiltrating effective rainfall and river losses. A
previous study (Ordéfiez et al. 2012) found that total
infiltration accounts for approximately 23 % of the effec-
tive rainfall, together with a constant input
(5300 m® day~') from river water. During the mine
flooding period, the daily infiltration was calculated from
rainfall data. For long-term simulations, an average rainfall
infiltration of 112 mm a~' was considered. Input from
potential neighbouring aquifers was not considered in the
model, due to the low permeability of the rocks, so the
average total recharge is equivalent to the average pumping
flow.

In contemporary studies, the thermal properties of the
materials defining the geological packs shown in Fig. 1b
was estimated from samples taken at their outcrops. The
porosity of the samples was measured in the laboratory,
and their mineral composition was determined by optical
polarizing microscopy using thin sections. The thermal
conductivity of each geological material was then esti-
mated using the methodology proposed by Brigaud et al.
(1990), which estimates the bulk thermal conductivity of a
rock sample from the thermal conductivity of both the fluid
and the rock matrix, which is defined as the geometric
mean of the conductivities of its constituent minerals. The
thermal conductivity was found to range from 1.42 (lutite)
to 489 Wm~' K™! (sublitarenite). The average thermal
conductivities of the Caleras, Generalas, San Antonio,
Maria Luisa, Sotén, and Entrerregueras geological packs
are: 4.47, 249, 2.33, 2.95, 240 and 249 Wm ' K,
respectively. These values were used in the thermal models
of the reservoir.

Figure 2 shows some thermal profiles measured by
HUNOSA inside the Barredo shaft, once the pumping was
resumed. The upper sections display seasonal temperature
variations, whereas the lower sections are more stable, as
pumping allows mixing of waters of different temperatures.
The profiles show that there is a good mixing in the lower
part of the mine (where a better hydraulic connection
exists) and a diffuse flow in the upper part above the upper
pump, which probably pumps only deeper mine water [see
Wolkersdorfer (2008) for details about thermal stratifica-
tion in a flooded underground mine]. The water used for
geothermal purposes is currently pumped from the Barredo
shaft at a depth of 100-200 m below the land surface at a
temperature of 20-22 °C.

2D Model

First, a 2D model was constructed in order to calibrate the
hydrogeological and thermal properties of the mining
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Fig. 2 Water temperature profiles measured inside the Barredo shaft,
once pumping was resumed, compared to that modelled after 30 years
of simulation. Air temperature was measured above water level

reservoir. This model was performed in the transverse
section through the Barredo and Figaredo shafts, consid-
ering the mine workings and the connections between them
(Fig. 1b), and extended within the limits of the Barredo—
Figaredo basin (Fig. 1b). The model was divided into three
classes of materials: (1) unaltered rock, (2) mined volume
(that affected by the mining works and the associated
fracturing), and (3) open mine structures (mainly shafts and
galleries).

Both in the galleries and the mined volume, water was
assumed to be in thermal equilibrium with the surrounding
rock mass at the start of the simulations. Water will flow
first through these mine workings, which represent much of
the voids, at relatively high speed, compared to a much
slower velocity in the undisturbed rock mass. According to
Wolkersdorfer (2008), mine water flows in rough mine
voids with mean velocities (determined by means of tracer
tests) of 0.3-1.6 m min~". In a multiple shaft mine, high
effective velocities in areas of high hydraulic gradient can
be reached, leading to a turbulent flow regime, particularly
during the groundwater rebound. A mine environment is so
complex that Darcy’s law for flow, laminar flow, turbulent
flow or even almost no flow can occur together (Wolk-
ersdorfer 2008).

To define the hydrogeological model, a prior calibration
of the hydraulic parameters of the materials was made. For
that, the mine flooding was simulated, using actual rainfall
data. Thus, parameters such as the hydraulic conductivity
of the materials affected by mining (which define the
reservoir) were modified by successive approximations to
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obtain an optimal adjustment to the real process, which had
been monitored.

Considering the topography and the limits of the basin, a
2D mesh with 57,448 nodes and 114,557 elements was
created. The mesh was defined to adapt the model to the
mine workings, so the size of the elements ranged from 2.5
to 20 m, with a finer meshing around the galleries. Because
the unaffected rock mass is practically impermeable, water
contributions from the sides were not considered. Only
rainfall recharge and river losses were assumed as inputs to
the system. The conceptual model assumes an isotropic
porous medium, heterogeneous and unconfined. It works as
a saturated/variably saturated (Van Genuchten-type)
model. The entry of water through the surface by rainfall
infiltration (variable rate) was assumed as a type 2 (Neu-
mann) boundary condition. Recharge from the Turén River
was divided into several injection wells along the stretch of
river intercepted by the 2D model section.

As a simplification, all the galleries were considered to
have a rectangular geometry with a section of 8 m” and a
height of 2.5 m. The shafts were assumed to have a circular
section of 25 m”. The mined volume (zones extending
between galleries) consists of altered material with porosity
and hydraulic conductivity values greater than the sur-
rounding (unaltered) rock mass. Porosities of 0.1 and
100 % were used for the unaffected rock mass and the
galleries, respectively. The variable porosity obtained for
each mine stretch, ranging from 2 to 22 %, was considered
for the mined volume. Hydraulic conductivities of 107’
and 1 m s~" were assumed for the unaffected rock mass
(Fandos et al. 2004) and the shafts and galleries, respec-
tively. Moreover, the potential influence of the Barredo
fault was considered; it was given a porosity of 1 % and a
hydraulic conductivity of 107> ms~' (Supplemental
Table 2).

The flooding process occurring in 2008-2009 was then
simulated with the above data. The initial water table was
set at —184 m. Only the recharge from the river and the
daily rainfall infiltration were used to produce the
groundwater rebound up to +150 m, and then the obtained
flooding curve was compared to the real one. The param-
eters that allowed the best fit between both the curves were
established and used for the next simulations.

The thermal model was programmed to start after the
flooding period, with a stable water level at 150 m main-
tained by pumping. The total pumped flow was apportioned
between both shafts, and set equal to the average recharge,
so that a water balance is maintained in the system (inflow
equals outflow). This allows long-term thermal modelling
to be carried out.

For the thermal modelling, a variable water temperature
(equivalent to the daily ambient temperature) was set at the
surface as a boundary condition. At the bottom edge of the
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model, a constant heat flow of 65 mW m~2 was defined,
since the area of study falls in a zone ranging from 60 to
70 mW m™ 2, according to available local heat flow maps
(GEOELEC 2015). The value of 65 mW m 2 is also the
mean heat flow over the continental crust, and has been
used in similar models (e.g. Renz et al. 2009). It is also
comparable to local values found in other studies as per the
Atlas of Geothermal Resources in Europe (European
Commission 2002). As an initial condition, the temperature
of the rock mass was established at 13 °C at the surface
(average annual temperature in the study area); other
temperatures at depth were calculated considering the
geothermal gradient, reaching up to 33 °C. According to
the local data (European Commission 2002), the geother-
mal gradient in this area varies from 0.027 to
0.032 °C m_l, so an average value of 0.03 °C m~! was
used. The thermal conductivities obtained for each geo-
logical pack were considered in this model.

Once the model was defined, several scenarios of the
geothermal system were simulated to assess its long-term
viability. The first scenario contemplated the use of mine
water for heating and/or cooling without water return to the
mining reservoir. At present, pumping equals the natural
recharge of the reservoir, and part of the pumped water is
geothermally used. In this case, the used water, after
passing through the heat pump, is discharged to the Caudal
River. The second scenario also considers hydropower
generation by means of return of the mine water employed
in heat pumps to the reservoir. Micro-turbines can be used
to produce energy from this water as it flows back down the
shaft during peak hours. In an optimal (high) use of the
mine water, this would also help to keep the reservoir full.
According to Jardén et al. (2013), the optimal geothermal
use would need a flow up to 40 % of the total pumped flow
to be reinjected into the reservoir after being used. This
returned water has a temperature around 15 °C, which
corresponds to that at the exit of the heat pumps. Used
water would be injected through the Figaredo shaft, so that
it would not affect the temperature of the water pumped at
the Barredo shaft for geothermal use. Although coal from
the CCB is not rich in sulphides, and mine water quality
problems are not frequent, the risk of water quality dete-
rioration due to recycling oxygenated water into the
reservoir should be considered in the case of reinjection.

Both scenarios have been simulated with the calibrated
model. Long-term working of the system (30, 60, and
90 years) was simulated, considering annual average
recharge and pumping with and without reinjection.

3D Model

The 2D model was calibrated to better define the hydro-
geological and thermal parameters of the system. However,
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this model does not provide volumetric information, so a
three-dimensional model was developed. The results of the
2D model served as starting points for the 3D model, which
is its natural extension. Still, a number of simplifications
were necessary to account for the three-dimensional com-
plexity of the mining galleries.

First, the original outline of the basin was smoothed to
reduce mesh complexity, avoiding obtuse angles in the
elements. The resulting basin, extending 18 km?, is shown
in Fig. la. Slices of 2.5 m high were considered to repre-
sent the galleries at each mine level. An average porosity of
10 % and a hydraulic conductivity of 0.5 ms~' were
assigned to the area to where the galleries extend within
these slices. The mined volume around this zone of gal-
leries was assigned a 1 % effective porosity. Vertical shafts
were considered to have 100 % porosity; they were sur-
rounded by a narrow ring of higher porosity and perme-
ability (10 % and 0.5 m s, respectively) to ease the water
flow through them (Fig. 3). A porosity of 0.1 % was kept
for the unaffected rock mass. Analogously to the 2D
model, hydraulic conductivities of 1077, 2 x 1074, and
1 m s~ were considered for the unaltered rock mass, the
mined volume, and the shafts, respectively (Supplemental
Table 2).

The model was created with 110 slices, 3.9 million tri-
angular prismatic elements, and 2.0 million nodes. The
bottom elevation is —494 m, and the top elevation ranges
between +200 and 4900 m, depending on the topography.
The deepest layer is located deep enough to ensure an
impermeable boundary not influenced by the galleries or
the mining-altered rocks. The high number of slices satis-
fied the need to increase the vertical discretization of the
model, as it is extremely important to work with a suffi-
cient vertical resolution when running unsaturated models
to avoid convergence errors. Additionally, an increased
number of nodes were necessary to represent the galleries.
The size of the elements in the model was conditioned by
the layout of galleries, to avoid obtuse angles (which would
cause divergence problems).

Fig. 3 Section of the 3D model Porosity
across the Barredo and Figaredo
shafts showing the porosities
(%) assigned to different zones
(shafts, zone of galleries, mined
volume, and unaltered rock
mass); horizontal and vertical

Barredo shaft
scales are the same

Mine workings

The boundary conditions for both the hydrogeological
and thermal 3D models were those assigned to the 2D
versions. The flooding period was first simulated using
daily recharge, so the 3D model was calibrated to adapt to
real data. With the resulting model, both potential scenarios
of geothermal use were simulated. For the sake of sim-
plicity, the weighted average thermal conductivity (based
on the percentages of the rocks in each geological unit) of
2.86 W m~ ' K™! was considered for the whole model.

Results

The simulated water level rise during the mine flooding
was compared to the monitored actual rise, with a calcu-
lated Pearson correlation coefficients of 0.93 for the 2D
model and 0.97 for the 3D model (Fig. 4).

2D simulation of the water rebound began with a
hydraulic conductivity of 10™* m s~ for the mined vol-
ume, achieving a fit between real and simulated flooding
curves of 89 %. By successive approximations, the value
which allowed the best fit (93 %) with the real flooding
data was 2 x 10™* m s™'. This was assumed for all the
material that fills the exploitation voids in consecutive
simulations. Supplemental Table 3 shows a sensitivity
analysis of the model parameters (hydraulic conductivity,
specific retention, and specific storage, S) on the hydraulic
head. The model is more sensitive to the S, as its variation
affects the modelled water table stably and significantly (a
20 % increase or decrease of S results in an error >40 %).
After the calibration, the parameters that would lead to a
minor error (3 %) and a better fit with the real flood curve
were chosen (Supplemental Table 3). Figure 5 shows the
thermal map of the Barredo—Figaredo section after
30 years, without considering reinjection. There were no
substantial differences between the two scenarios (with and
without reinjection). Recharge water flows preferentially
through the mining galleries, cooling them, whereas the
rock mass keeps a stable temperature. In 30 years, if the
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Fig. 5 Temperature in the mining reservoir after 30 years of simulation in the 2D model in a scenario of pumping without reinjection

system is exploited as it is now, water would be pumped at
a temperature 19 °C, so the rock mass temperature
would be reduced by 1-3 °C, independently of the scenario
considered (Fig. 2). This reduction almost falls within the
natural fluctuations of the system throughout the year.
However, much lower temperatures were observed in both
scenarios around the Figaredo shaft, reaching values of
17 °C in the highest levels of this mine. The current water
temperature from Figaredo is as an average 2 °C less than
that from Barredo, and the reason might be infiltration of
water from the Turdn River. It was proven that the Barredo
fault acts as a preferential flow path, but ultimately it does
not greatly influence the temperature of the system.
Figure 6a shows the temperatures in the 3D model under
the scenario of no reinjection after 30 years. The results of
the 3D model are consistent with those of the 2D model;
nevertheless, the deepest low temperatures extend more
around the Figaredo shaft in the 3D model. The rate budget
supplied by FEFLOW in the scenarios of no reinjection
agrees with the equilibrium established to keep a stable
water table; therefore, capture (—) and release (+) is in the

@ Springer

order of 130 L s, with an imbalance ranging from 1 to
9 %.

The 2D and 3D simulations gave similar results for both
scenarios, so it seems that the decision of selecting one
type of the use or the other should be based on management
criteria, depending on the energy end-users, rather than on
the potential effect on the reservoir. Although the returned
water is 2 °C warmer than rainfall and river water, it is
continuously injected and pumped out of the reservoir
again in the Figaredo shaft. Also, the pumping rate is
higher in this case, as it equals the natural recharge plus the
returned flow to maintain the water table at the same
elevation.

Longer simulations (60 and 90 years; Fig. 6b, c) shows
that the water temperature gradually equilibrates with the
geothermal gradient below the pumps, reaching a steady-
state. A sort of loop is established, so colder water stays
mainly in the upper part of the reservoir, being constantly
renewed by pumping from the Barredo and Figaredo shafts,
whereas higher temperatures are maintained in the lower
areas.
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An underground mining system behaves like a complex
karst aquifer. Other FEFLOW users trying to undertake a
similar study should try to achieve equilibrium between
the reality and the simplified model of a highly deformed,
fractured, and mined sedimentary system. In this case, we
proved that an optimal long-term energy use of the
reservoir is possible if it is adequately managed and
regulated.

Conclusions

The defined models efficiently represent the temporal
evolution of the water level in the reservoir during its
flooding, with correlation coefficients of 0.93 and 0.97 for
the 2D and 3D models, respectively. This fit was achieved
by considering a hydraulic conductivity in the order of
107* m s~! in the zones affected by coal extraction. Dis-
crepancies between observed and simulated data are
probably due to the fact that the reservoir does not behave
exactly like a porous isotropic medium, as assumed in the
conceptual model.

The temperature of water in the reservoir after 30 years
of simulation is slightly reduced around the Barredo shaft
(where it is pumped for geothermal applications) and
notably cooler around the Figaredo shaft, due to river water
infiltration. It does not appear that the temperature in the
reservoir would be influenced by reinjection of the water
used for geothermal applications. The temperature of the
water entering the reservoir after use in a heating cycle is
slightly higher than the average temperature of the water
naturally recharging the reservoir; however, the injected
water is then pumped out, without substantial temperature
changes once equilibrium is reached. Longer simulations
show that the temperature of the water below the pumps
tends to equilibrate with that of the enclosing rocks. Cold
recharge water enters the system and it is pumped again at
100-200 m of depth, so an equilibrium loop is established,
maintaining warmer water in the deepest zones.

The results obtained in the 2D and 3D models were very
similar. Notwithstanding, more simplifications are neces-
sary in the 3D model to reduce its complexity. Thus, 2D
models constitute a simpler and preferable option when
modelling complex mining reservoirs.
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The numerical models that have been created and cali-
brated can be used for different exploitation scenarios of
the underground reservoir. The flow model allows the
development of strategies for pumping-reinjection of
water, while the heat transport model predicts long term
temperatures in the case of changes in both the weather and
the water and energy needs. The methodology described
here could be extended to other (mining) reservoirs and
geothermal systems to be modelled.
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